The results of an adaptive optics survey of exoplanet host stars for stellar companions is presented. We used the AEOS Telescope and its adaptive optics system to collect deep images of the stars in I-band. Sixty-two exoplanet host stars were observed and fifteen multiple star systems were resolved. Of these eight are known multiples, while seven are new candidate binaries. For all binaries, we measured the relative astrometry of the pair and the differential magnitude in I-band. We improved the orbits of HD 19994 and τ Boo. These observations will provide improved statistics on the duplicity of exoplanet hosts stars and provide an increased understanding of the dynamics of known binary star exoplanet hosts.
Introduction
There are a number of reasons to gain a better understanding of the binary fraction of exoplanet hosts. Binary stars influence the environment of the planet, both affecting where planets form and altering their orbits. Unseen binary stars complicate the analysis of exoplanets, and under some circumstances may masquerade as exoplanets themselves.
There are several proposed ways in which binary stars can influence the orbital properties of exoplanets. Binaries may interact with the protoplanetary disk from which planets form; for binary stars with separations less than 100 AU, interactions with the protoplanetary disk may lead to altered planet formation. If the protoplanetary disk surrounds the primary star, the tidal torques of the companion may lead to a truncation of the disk (Artymowicz & Lubow 1994) . Eccentric companions can cause the disk to assume a similar shape, leading to a more eccentric orbit of the planet, which is then driven inwards while accreting large amounts of gas (Kley & Nelson 2010) . Kley & Nel- son also suggest the companion may alter the planetesimal accretion rates in a disk with a close binary companion. Core accretion may have difficulties explaining planets orbiting one member of a close binary system; an example of this is the γ Cep system.
The problem with validating these theories and models is that we are unable to observe the process as it occurs. Instead, we are forced to work backwards, using statistical analysis of duplicity fraction and orbital parameters to determine what happened. There have been several analyses of the statistics of binary stars. According to a study by Eggenberger et al. (2004) , massive planets in close orbits are mostly found in binaries. They also noted other possible peculiar characteristics of planets in binaries: low eccentricities for orbital periods shorter than 40 days and a lack of massive planets with periods longer than 100 days in binaries. Within three years of their analysis, the number of planets in binaries increased from 19 planets in 15 multiple star systems to 40 planets in 38 multiple star systems. Desidera & Barbieri (2007) studied the distribution of eccentricity, mass, period and metallicity of planets in this larger sample of binary systems. They found that the Eggenberger et al. (2004) suggestion that there was a lack of massive planets with periods >100 days in binaries was not valid. Instead, massive planets in short period orbits are found in most cases around the components of close binaries. Raghavan et al. (2006) carried out a comprehensive review of the literature and archival data to show that for 23% of radial velocity (RV) detected planets, the host star was a binary and that three planetary systems were in triple systems with the possibility that another two were also in triple systems.
Undetected binaries or even optical doubles can alter the analysis of exoplanets. For transiting exoplanets, the transit depth is assumed to be a percentage of a single star's brightness, but an undetected companion or nearby field star can affect the accuracy of the results. Correcting for this can change the derived planetary diameters by a few percent (Daemgen et al. 2009 ).
Exoplanet host stars are also prime targets for coronagraphic searches for additional exoplanets (e.g. Leconte et al. 2010) . Identifying background stars and stellar companions assist those observations by eliminating the need to spend observing time establishing the true nature of each candidate planet.
Finally, some candidate exoplanets are actually stellar companions. This misidentification usually arises from radial velocity observations, where the mass and semi-major axis results are projected onto the inclination of the orbit. A low-mass star in a nearly face-on orbit can masquerade as a massive planet in a higherinclination orbit. This will probably be an increasing problem as the time baseline for RV searches increases. An example of such a masquerading star is HD 104304. Schnupp et al. (2010) used adaptive optics (AO) and "Lucky Imaging" to show that the substellar object orbiting this solar analog was actually an M4V star in a near face-on orbit. Another example is HD 8673, which is probably a K or M star in a low inclination orbit (Mason et al. 2011) .
It is essential to eliminate masquerading stars when analyzing the statistics of exoplanets because it prevents the unnecessary application of observing time and other resources towards better understanding an "exoplanet", when in actuality it is a star. It also offers an opportunity for stellar astronomy, in that it is possible to compute the masses of the individual stars by combining spectroscopic and astrometric orbital information. There are relatively few well determined stellar masses and any opportunity to increase this number is valuable.
There have been a number of prior papers that studied duplicity rates among the exoplanet hosts. Patience et al. (2002) used near-IR speckle interferometry and AO to observe 11 exoplanet hosts and discovered one binary and collected astrometry on two known binaries. Southern exoplanet hosts were observed by Eggenberger et al. (2007) and in the 57 exoplanet hosts and 73 control stars they observed, they found 19 true companions, 2 likely bound objects, and 34 background stars. Another 40 candidate companions require additional data to determine if they are physical. Chauvin et al. (2006) used the Very Large Telescope (VLT) and Canada France Hawaii Telescope (CFHT) to study 26 stars with planets and found 3 confirmed companions and 8 candidate companions, which also require follow up observations. Mugrauer and colleagues have observed a number of stars in a large series of papers that cover the detection of a few binaries in each paper (e.g., Mugrauer et al. 2005 .
With these thoughts, we started a survey of exoplanet hosts in 2001 with the Advanced Electro-Optical System (AEOS) telescope and its AO system. Section 2 discusses the observations and data reduction methodology. Results are discussed in Section 3. Subsections are dedicated to observations of new candidate companions, null detections and the computation of orbits to previously known exoplanet host stars. Section 4 discusses archival observations from 2MASS and finally Section 5 summarizes our results.
Data Collection and Analysis
Observations were made using the AEOS 3.6m telescope and its AO system. The AEOS telescope is located at the Maui Space Surveillance System at the summit of Haleakala. There were dedicated observing runs in February, 2001 September, 2002 March and 2002 September. Stars were also observed on a queue scheduled basis between 2001 and 2005.
The AEOS AO system is a natural guide star system using a Shack-Hartmann wavefront sensor (Roberts & Neyman 2002) . The individual subaperatures have a diameter of 11.9 cm projected onto the primary. The deformable mirror has 941 actuators. The system's closed loop bandwidth is adjustable and can run up to 200 Hz, although the normal range is approximately 50 Hz. In the configuration used for these observations, the light from 500-540 nm is sent to the tip/tilt detector system, the light from 540-700 nm is sent to the wavefront sensor and the light longer than 700 nm is sent to the Visible Imager CCD science camera. It operates from 700 to 1050 nm; is equipped with an atmospheric dispersion corrector; has a two-mode image derotator (zenith at a fixed position in the image or celestial north at a fixed position in the image); and, for this project, has a 10 ′′ FOV (0. ′′ 022 pixel −1 ). The detector is a 512×512 pixel E2V CCD, with a read noise of 12 e − RMS. The camera output is digitized to 12 bits with 10 e − per digital number.
The observing list was created by taking the list of known stars with known exoplanets as of early 2001 and then removing stars fainter than the effective magnitude limit of the AEOS AO system (about m v = 8), and stars that were outside of the declination limit of acceptable AO correction (objects that at some time during the year get above 30
• elevation at Haleakala, i.e., a declination greater than about -45
• ). In addition, we had an ongoing program to observe known binaries with the AEOS telescope (Roberts 2011) . We compared the list of observed target against the list of known exoplanet host stars to find targets that were not known to host an exoplanet at the time we observed them. This turned up several additional objects, which are included in this paper.
Each data set consists of 1000 frames obtained using a Bessel I-band filter (λ 0 = 880nm). After collection, any saturated frames are discarded and the remaining frames are debiased, dark subtracted and flat fielded. The frames are weighted by their peak pixel, which is proportional to their Strehl ratio and then co-added using a shift-and-add routine. The resulting image is analyzed with the program fitstars; it uses an iterative blinddeconvolution that fits the location of delta functions and their relative intensity to the data. The co-adding technique and the analysis with fitstars was presented in ten Brummelaar et al. (1996 Brummelaar et al. ( , 2000 .
Error bars on the astrometry and photometry were assigned using the method described in Roberts et al. (2005) . For the photometry, simulated binary stars were created from observations of single stars. The photometry of these simulated binaries was measured and used to create a grid of measurement errors as a function of separation and differential magnitudes. For astrometry, the separation error bar is
±0.
′′ 02 for ρ ≤ 1 ′′ , ±0. ′′ 01 for 1 ′′ < ρ ≤ 4 ′′ , and ±0.
′′ 02 for ρ > 4 ′′ . The position angle error bar is ±2
• for ρ < 1 ′′ and ±1
• for ρ > 1 ′′ . The Visible Imager Data taken in 2001 did not record which state the derotator was in (either fixed North or fixed Zenith). As such there is an ambiguity in the position angle for these measurements.
Results
In Section 3.1, we discuss the observations of known binaries, while in Section 3.2 we discuss binaries detected for the first time. Finally in Section 3.3, we discuss the stars where no companion was detected. The astrometry and photometry of all resolved systems are listed in Table 1 .
For each star, we list the Washington Double Star (WDS) number, the discovery designation, the most common planet designation if it has one other than the HD number, the Hipparcos and HD Catalogue numbers, the Besselian date of the observation, the separation in arcseconds, the position angle in degrees and finally the differential magnitude measured in Bessel I-band. The listed astrometry was compared with the latest published astrometry in the WDS. In some cases this helped alleviate the derotator discrepancy between zenith mode and astronomical north mode and allowed us to determine the position angle. In all cases, our astrometry was consistent with previous results. HD 19994 (WDS 03128-0112) This system has a 1.68 M J planet in a 535±3.10 day period . Its semi major axis is 1.42 AU. We examined the previous orbit for this system (Hale 1994) and determined a new orbit was warranted. There is a large scatter in measured separation in the early measurements, which results in a poor solution. Convergence was achieved by fixing the eccentricity to a value minimizing the O-C of measures and then allowing other parameters to vary. With all parameters floating, the orbit solution quickly diverged with extremely high eccentricity. It is possible that the B companion is not physical and that early measures indicating curvilinear motion are measures with higher error to a linear fit. At present, there is no differential proper motion of the B component to confirm or deny this supposition. The orbit solution, an improvement on the solution of Hale (1994) , should still be judged as preliminary. The elements of the orbit are shown in Table 2 , while a plot of the orbit is shown in Figure 1 . The predicted orbital positions until 2035 are shown in Table 3 . The parallax of 44.29 mas (van Leeuwen 2007) implies a mass sum of 2.6 M ⊙ , which is high for the estimated spectral types of the components of F8V and M3V (Hale 1994) . The spectral type estimates would suggest a mass sum of 1.6 M ⊙ . The mass sum from the Hale (1994) orbit is 1.8 M ⊙ .
Known Binaries
Combining the orbital elements with the parallax, we compute a separation of the two stars at periastron passage of 163 AU. This is a large enough separation that the companion probably has little or no impact on the planet itself, but if the planet scattered large numbers of planetesimals as it migrated, these planetesimals would then be scattered again by the stellar companion. This would certainly modify or pos- This system hosts a massive planet in a 3.3128 day orbit (Butler et al. 1997 ) with a semi-major axis of 0.042 AU. There have been two previous orbits computed for this system, by Hale (1994) and Popovic & Pavlovic (1996) . We computed a new solution, as shown in Figure 2 ; elements are listed in Table 2 . The predicted orbital positions until 2035 are shown in Table 3 .
The parallax of 64.03 mas (van Leeuwen 2007) implies a mass sum of 2.0 M ⊙ . Hale's orbit gives 2.8 M ⊙ , while that of Popovic & Pavlovic gives 6.3 M ⊙ . The estimated spectral types from Hale (1994) , F6IV and M2V, results in a mass sum of 1.8 M ⊙ , within 10% of our estimate. While our orbit fits the early micrometry data better than the Popovic orbit, and the later adaptive optics and speckle interferometry data better than the Hale orbit, it warrants further refinement, which requires additional observations. Although it is moving faster and approaching periastron, given the orbital period, these additional observations will need to be several years in the future.
Combining the orbital elements with the parallax, we compute the separation of the two stars at periastron passage as 30.0 AU. If we assume the binary orbit has not altered through a close stellar encounter, since the formation of the planetary system, the minimum separation has a significant impact on the formation of the planet. This seems like a perfect example of what (Kley & Nelson 2010) proposed; eccentric stellar companions can cause the protoplanetary disk to become more eccentric, which leads to a more eccentric orbit for the planet. The planet is then driven inwards, while accreting large amounts of gas, producing a massive planet. In this case the planet's orbit was probably then tidally circularized. Planetary migration may explain why τ Boo only has a single massive planet in a very close orbit, as other proto-planets would have been scat- -New orbit for the stellar companion to τ Boo. The orbit with long dash lines is that of (Hale 1994) , while the orbit with the short dashed lines is the orbit of (Popovic & Pavlovic 1996) The '+' signs are historic filar micrometry measures and the filled circles are modern speckle interferometry and AO measurements.
tered out of the disk. To determine the validity of this idea, detailed numerical simulations will be needed. A more refined orbit will also be useful, which requires additional astrometric measurements.
New Discoveries
HD 37124 -We detcted two candidate companions with separations of 3.
′′ 03 and 3.
′′ 17. They probably do not form a hiearchal systems as the separations are too similar and one or both of the companions is a foreground or background object. Based on the parallax and assuming face-on orbits, the companions would have separations of 102 AU and 106 AU. The large HD 59686 -We detected a candidate companion with a separation 5.
′′ 61 and a ∆I of 4.6. Based on the measured separation and the parallax of the star (van Leeuwen 2007) and assuming a face-on orbit with an inclination of zero, the candidate companion would have a minimum separation of 519 AU.
HD 89744 -A faint candidate companion was detected with a separation of 5.
′′ 62 and a ∆I of 13±2. Based on the spectral type of the primary (Montes et al. 2001) , the differential magnitude of the companion would make it a brown dwarf. The star already has one low-mass stellar or high-mass brown dwarf companion detected (Mugrauer et al. 2004) . That paper also detected several background or foreground objects that did not share common proper motion with HD 89744. Both our and Mugrauer et al. (2004) observations were made in 2002, so it is doubtful that the object we have detected is one of the background or foreground objects as they do appear to have similar astrometry. Mugrauer et al. (2004) did not detect our candidate companion, but their observations were not made with AO and probably did not have the dynamic range to detect it. Follow up observations with near-IR AO are needed to make a final determination if our object is a true companion, an artifact or a background object. Again, assuming a face-on orbit, based on the measured separation and the parallax of the star (van Leeuwen 2007), the candidate companion would have a minimum separation of 219 AU.
70 Vir (HD 117176) - Patience et al. (2002) did not find a companion to this star in their infrared survey. That may indicate that this is a false detection, that it is background blue star, or that the orbital position has changed. Based on the spectral type of the primary (Cowley, Hiltner, & Witt 1967) , the absolute magnitudes of the MK classification in Cox (2000) , and the measured differential magnitude of 11.4±1.2 the companion would be later than M5V, assuming it is on the main sequence. Due to its relatively high proper motion (van Leeuwen 2007) , an additional observation at a current epoch will be able to determine whether the companion shares common proper motion or is a background object. Using the same assumptions as above, the candidate companion would have a minimum separation of 52 AU.
14 Her (HD 145675) -Based on the spectral type of the primary (Montes et al. 2001) , the absolute magnitudes of the MK classification in Cox (2000) , and the measured differential magnitude of 10.9±1.0, the companion would be later than M5V, assuming it is on the main sequence. Using the same assumptions as above, the candidate companion would have a minimum separation of 78 AU.
HD 187123 -Four possible candidates were detected in two images. The first image showed 4 candidate companions, while the second observation a month later showed only the brightest of these possible companions. The second observation had poorer AO correction which offers a probable explanation for the failure to detect the other candidates. Based on the spectral type of the primary (Gray et al. 2001) , the absolute magnitudes of the MK classification in Cox (2000) , and the measured differential magnitudes, all three companions would be later than M5V, assuming they are on the main sequence. Based on the measured separations and the parallax of the star (van Leeuwen 2007), the candidate companions would have separations of 127 AU, 143 AU, 155 AU, and 276 AU. The system does not appear to form a hierarchical system, and it is highly likely that some or all of the companions are background objects.
51 Peg (HD 217014) -Using the same assumptions as above, the candidate companion would have a separation of 45 AU. Due to its relatively high proper motion vanLeeuwen2007, an additional observation at a current epoch will be able to determine if the star has common proper motion or is a background object. Table 4 lists the stars where no companions were detected. The tables lists the WDS number of the system if there is one, HD and Hipparcos catalogue numbers, the observation date and the full width half maximum (FWHM) of the star. This provides a useful gauge for estimating the minimum separation resolvable by the observations and also provides a metric of AO performance. The AO performance varies from night to night, as a function of atmospheric conditions, target brightness and air mass.
Single Stars
In order to quantify the sensitivity of the reduced images, we have created a variation of the dynamic range map technique described in Hinkley et al. (2007) , which defines the dynamic range of a given position in a 2D image as the faintest com-panion detectable at that position to the 5σ level. In our version, we construct a map the same size as each reduced image. The intensity level of each pixel in the map is set to five times the root mean square (RMS) intensity variation across a patch centered on the corresponding pixel in the original image. The patch is a square with lengths equal to the FWHM of the original image. This produces the dynamic range map in intensity terms, which are then converted to magnitudes. Figure 3 shows the results of this technique applied to the image of HD 8574 and is characteristic of the achievable dynamic range. It is apparent from the sample figure that the detection threshold for a companion is highly spatially variant. The dynamic range increases with increasing radius from the central star. There are several artifacts in this image which lower the dynamic range. The largest is the vertical line, which is an artifact of the shutterless frame-transfer process. There is also the diffraction pattern caused by the secondary mirror support spiders.
As the AO system performance decreases, the FWHM of the point spread function (PSF) will increase, which increases the area over which the central PSF causes confusion. In addition, it also widens the companions PSF, lowering the contrast between the two and decreasing the detection rate.
These maps have several purposes. For those objects with multiple observations where companions are seen in some but not all of the data, changes in the dynamic range can help explain the reasons for these discrepancies and can put constraints on the orbital solution (Hinkley et al. 2011) . They also illustrate the limitations of the data, showing where it is almost impossible to find faint companions.
Unresolved Binary Stars
In this section, we discuss two binary stars that based upon the published astrometry, we should have been able to resolve, but did not. There are other binary stars listed in Table 4 , but their published separations are either outside of the field of view, or are smaller than the PSF FWHM of the observation. The minimum separation in Table 4 and the widest routinely measureable separation of 5 ′′ gives a useful 'face-on donut' of non-detection.
HD 217107 (WDS 22583-0224, CHR 116) -CHR 116 has only been resolved twice: in 1982 and in 1997. In the 15 years, the separation changed from 0.
′′ 473 to 0.
′′ 274. It is quite likely that in the 4 years between the last measurement and our measurement, orbital motion has moved the companion to within the 0.
′′ 19 measured FWHM of the image. Examining the image, we do see a slight elongation of the PSF in one direction. It is possible that this is caused by the secondary. With a FWHM of 0.
′′ 19, the AO correction was not very good.
γ Cep (HD 222404, WDS 23393+7738, NHR 9) -We did not detect the stellar companion seen by Neuhäuser et al. (2007) . According to the orbit of Torres (2007) , the companion would have a separation of 0.
′′ 17. As shown in Fig. 3 , it would be extremely difficult to detect a companion with the expected dynamic range at that separation.
2MASS Analysis
A check was made against the 2MASS Point Source Catalog (Skrutskie et al. 2006) , looking for all objects within 10 ′′ of the target stars as discussed in Turner et al. (2008) . Only three such possible companions were found, all of which are previously known. The candidate companions to HD 114729 and HD 168746 are outside of our field of view 79 Cet : A companion was found at 187
• .5 and 5.
′′ 70, with ∆J = 3.59. Mugrauer et al. (2005) detected this companion with AO in 2002 and noted the match with the 2MASS object.
HD 114729 : This object is listed as a single star in Table 4 . A possible companion was found in the 2MASS database, but with a separation of about 8 ′′ , this object falls outside the observing window of the VisIm detector, and we did not detect it.
HD 168746 : This star is also listed as single in Table 4 . A possible companion was found in the 2MASS database with a separation of 9 ′′ , it is well outside our observing window and was not detected.
Summary
We observed 62 exoplanet host stars with the AEOS AO system, and resolved 15 multiple star systems. Of these eight are known multiples, while seven are new candidate binaries. Additional observations are needed to determine if these are true binaries or merely optical doubles. We computed updated orbits of HD 19994 and τ Boo. Both are improved from the previous orbit, but require additional observations to further refine these solutions. Both orbits show that the presence of a binary companion can affect the structure of the planetary system. In the case of HD 19994, the companion may have disrupted any Kuiper belt analogs. The τ Boo stellar companion may have altered the protoplanetary disk and caused only a single massive planet to form at a very small separation. In this way, determining the orbits of binary star companions to exoplanet hosts may shed new light on the formation of the exoplanets.
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